Abstract. Psammosilene tunicoides is a narrowly distributed and endemic species in south-western China. An investigation of sequence variation at two chloroplast DNA (cpDNA) regions (rpL16, trnQ-5 0 rps16) and one nuclear DNA (nDNA) locus (GPA1) were carried out to survey the population structure and population history of the species. Among the 22 populations across its geographical range, nine chloroplast haplotypes and 17 nuclear alleles were identified. Both cpDNA and nDNA consistently revealed high levels of population differentiation (G ST = 0.604 and 0.540, respectively), suggesting a distinct phylogeographic structure (N ST > G ST , P < 0.01). This high genetic differentiation might be a combined effect of breeding system, limited pollen and seed dispersal and geographic isolation of populations. The level of haplotype diversities (cpDNA, h T = 0.575; nDNA, h T = 0.724) were high, but the nucleotide diversities (cpDNA, p = 0.00099; nDNA, p = 0.00105) were low. These results together with the star-like phylogenetic pattern and neutrality tests indicate that P. tunicoides has experienced a population expansion event in its evolution. Limited genetic exchange after population expansion was supported by the pronounced genetic differentiation among populations as well as evidence for 'isolation-by-distance' revealed by cpDNA. Due to high population subdivision and complex landscape, as many populations as possible should be considered for genetic conservation.
Introduction
The south-east part of the Qinghai-Tibet Plateau and its adjacent areas, namely the mountains of south-western China is one of the world's biodiversity hotspots. It contains the richest temperate flora in the world with a high number of endemic and endangered species (Wilson 1992; Myers et al. 2000 ; http:// www.biodiversityhotspots.org/xp/hotspots, accessed 8 July 2011). According to the prevailing hypothesis, many species in this region are ancient and have been preserved in many natural refugia formed by the complicated topography and climate (Wu 1998) . On the other hand, following the collision of the Indian subcontinent with the Eurasian plate starting 40 million years ago, frequent speciation events have occurred due to the emergence of new and diversified habitats created during the lifting of the Qinghai-Tibet Plateau (Wu 1998; Liu et al. 2006) . It is estimated that over 3500 endemic plants (29.2% of 12 000 vascular plants in this region) emerged as a result of this collision (Myers et al. 2000) . Endemic elements are crucial for floristic and phytogeographical analyses (Zhou and Momohara 2005) . For effective conservation of endangered and endemic species, it is important to understand the genetic variation and phylogeography of these plants. However, there is relatively limited information on the genetic diversity and population structure of endemic plants from this region.
Psammosilene tunicoides W. C. Wu et C. Y. Wu (Caryophyllaceae) is a monotypic herbal plant endemic to south-western China. This species was described~500 years ago and is valued highly in traditional Chinese medicine for its analgesic, hemostyptic, anti-inflammatory, and immuneadjustment properties. Recent research has shown that cyclic octapeptide-psammosilenin A, one of the natural compounds in P. tunicoides root, has excellent pharmacological activity and could be developed as a novel cytotoxic, anthelmintic, and antibacterial drug (Ding et al. 2000; Dahiya 2008 ). However, populations of this species have been declining rapidly due to extensive exploitations in recent years such that it is now classified as a rare and endangered species in the Chinese Plant Red Book (Fu and Jin 1992) . This perennial herb is characterised by prostrate and dichotomously branched stems of 20-35 cm long, with a long conical, brown yellow, fleshy root. Its small purple flowers are in compound thyrsiferous inflorescences, and its narrowly obovoid seed is located in the clavate capsule (Lu 2001) . It flowers from June to September, and is pollinated by bees and flies. The fruit starts to mature from July until October, and are nearly unsplit at maturity and the seeds germinate without seed dormancy after falling to the ground (Lu 2001) , thus have a very limited dispersal distance. It takes 2-3 years for seedlings to become sexually mature.
P. tunicoides preferentially inhabits rocky mountain slopes and calcareous rock crevices, but also occasionally occurs in dry pastures, pine forests, with altitudes ranging from~2000 to 3500 m. Its distribution in south-western China is not continuous but the patchy populations are centred around the north-western Yunnan Province and south-western Sichuan Province. There are also several subcentres of distribution in central and north-east Yunnan. However, its distribution in south-eastern Tibet and south-eastern Yunnan is extremely sparse. Due to its special distribution pattern, P. tunicoides is an ideal model to study how historical events affected population history of this species and others in this biodiversity hotspot. Moreover, reversing the increasingly endangered situation of P. tunicoides requires a clear understanding of the genetic variation within and among its populations.
Molecular markers and phylogeographic methods provide powerful tools for studying genetic variation and diversity, population structure, and evolutionary processes of species (Avise 2000 (Avise , 2004 . In plants, the chloroplast genome is a single, haploid, non-recombining unit of inheritance, and chloroplast DNA (cpDNA) is typically transmitted maternally only through seeds in angiosperms and within most species, genetic variations in cpDNA are typically low at the intraspecific level. In contrast, the nuclear genomes typically contain multiple chromosomes, are diploid or higher ploidy and have features such as recombination and heterozygosity, biparental inheritance by seed and pollen, and frequent intraspecific genetic variation in most single-copy or low-copy genes (Schaal et al. 1998) . Therefore, the analyses of gene loci from both the chloroplast and the nuclear genome would provide a comprehensive view of the genetic structure of plant populations and better reveal their phylogeographic patterns (Schaal et al. 1998; Petit et al. 2005; Ikeda et al. 2008) . Here, we selected two cpDNA regions and one single-copy nDNA gene as molecular markers. The main objectives of this study were: (1) to estimate the amount of genetic variation at the cpDNA and nuclear DNA (nDNA) loci within and among populations of P. tunicoides; (2) to determine the spatial distribution patterns of the alleles and genotypes and provide information about the historical processes; and (3) to make recommendations for future conservation practices for the species.
Materials and methods

Population sampling
The leaf samples used in this study were collected in the Yunnan, Sichuan, and Guizhou Provinces in south-western China. A total of 117 individuals of P. tunicoides were collected from 22 populations, covering almost all areas of its distribution ranges. Of these 22 populations, one was from the north-western Guizhou Province, four populations were from the south-western Sichuan Province that borders south-eastern Tibet, and the remaining 16 were from various areas in the Yunnan Province. In Linzhi and Chayu of south-eastern Tibet, localities where this species is described in the literature and in the KUN herbaria (KUN-0512912, KUN-0512918, KUN-0512949 and so on) were visited, but we failed to obtain any samples despite repeated field trips. The sample size, population code, geographical coordinates and altitude for each population are presented in Table 1 and Fig. 1 , for all 22 populations. Our sampled regions spanned an area~700 km from south to north and 600 km from east to west with an altitude span of almost 1300 m, from 2050 m above sea level in Baoshan (BS) to 3300 m in Wufengshan (WF) and Sanpi (SP). The population range of P. tunicoides is generally from tens to several hundred individuals. Five to six samples were taken from the edges, as well as the interior of populations, and individuals at least 10 m apart between two individuals were chosen at random to increase the possibility of detecting variation within each population. Healthy leaves were collected in the field and immediately dried with silica gel until DNA extraction.
DNA extraction, PCR amplification and sequencing
Total genomic DNA was extracted from leaf material of each sample according to the modified CTAB method (Doyle 1991 samples in populations that have relatively larger geographical distances using universal primers described in previous studies (e.g. Olsen and Schaal 1999; Shaw et al. 2007) . After preliminary screening of nine fragments (cpDNA -rpL16, trnQ-5 0 rps16, petL-psbE; mtDNA -nad7; nDNA -ITS, g3pdh, adh1, SLXY1, GPA1), we chose chloroplast rpL16 intron, trnQ-5 0 rps16 intergenic spacer and nDNA fragment GPA1 for further analysis of all the samples. The primers of rpL16 (Jordan et al. 1996) and trnQ-5 0 rps16 regions (Shaw et al. 2007) were used for PCR amplification and sequencing of chloroplast loci. Nuclear DNA fragments GPA1 was amplified with primers GAP1FF and GAP1-14R, which were originally designed based on sequences of three genera of the grass family, Oryza, Hordeum and Zea and are located on exon 9 and exon 14 of the gene, respectively (Bao and Ge 2004) . GPA1 encodes a G protein a subunit, and functions in various systems of signal transduction in diverse tissues or cells in flowering plants (Ma 1994; Fujisawa et al. 1999) . In this study, due to the unsuccessful PCR amplification of the GPA1 locus for the WN population, a new reverse primer GAP1-14R1 (5 0 -GCT CCC AAT GCG TGA GCT TTT CCT-3 0 ) was designed based on sequences obtained from other populations. The new primer successfully amplified the GPA1 gene for the WN population.
All amplification reactions were carried out in a volume of 20 mL containing 10-20 ng template DNA, 2.0 mL of 10 Â buffer, 1.4 mL of MgCl 2 (25 mM), 1.1 mL of dNTPs (2.5 mM each), 1 mL of DMSO, 0.35 mL primer (10 mM), 1.5 U of Taq DNA polymerase (TaKaRa BIO Inc., Dalian, China) and double-distilled water, respectively. Amplification programs for different fragments were: for the rpL16 locus, an initial 4 min at 94 C, followed by 30 cycles of 45 s at 94 C, 30 s at 59 C, 90 s at 72 C, and a final 10 min at 72 C; for the trnQ-5 0 rps16 locus, an initial 4 min at 94 C, followed by 30 cycles of 45 s at 94 C, 70 s at 54 C, 90 s at 72 C, and a final 10 min at 72 C; and for the GPA1 locus, an initial 4 min at 94 C, followed by 37 cycles of 45 s at 94 C, 70 s at 49 C or 60 C (only for WN population), 90 s at 72 C, and a final 10 min at 72 C. PCR products were purified from agarose gel followed by the ColumnMate Gel Extraction Kit (Watson, Shanghai, China). Sequencing was performed on an ABI 3730 automated sequencer (Life Technologies, Carlsbad, CA, US). Purified products of chloroplast rpL16, trnQ-5 0 rps16 and nuclear GPA1 were sequenced directly. For the WN population, PCR products of GPA1 had to be cloned using pMD18-T Vector (TaKaRa) before sequencing, because we found that eight heterozygote individuals had 'double peaks' at polymorphic sites when PCR products were sequenced directly. Four of the eight heterozygotes had only one 'double peak'. The haplotypes of the remaining four heterozygotes were easily inferred through haplotype subtraction (Clark 1990 ), a method that deduces haplotypes by comparing the heterozygote sequence to haplotypes commonly observed in the total sample. Both strands of each locus were sequenced. ABI sequence chromatograms were checked and corrected, and the contigs were assembled using the SeqMan II software (DNASTAR Inc., Madison, WI, USA). All sequences of rpL16, trnQ-5 0 rps16 and GPA1 loci have been deposited in GenBank under the accession numbers from HQ532909 through HQ532936.
Data analysis
Sequences were aligned using the CLUSTAL W (Thompson et al. 1994) followed by manual adjustment implemented in MEGA 3.1 (Kumar et al. 2004) . Both insertion-deletion events (indels) and simple sequence repeats were taken into account as single mutations, but they were excluded in neutrality tests, as they have been shown to provide relevant phylogeographical information (Caicedo and Schaal 2004; Ikeda and Setoguchi 2006; Caetano et al. 2008) . Both cpDNA (rpL16, trnQ-5 0 rps16 sequences were combined) and nDNA sequences were categorised into haplotypes (alleles), and the respective haplotype (allele) distributions were plotted on maps of southwestern China using Arcview 3.3 (ESRI Inc., Redlands, CA, USA).
Haplotype diversity (H d , also known as gene diversity or heterozygosity; Nei 1978) was calculated for each population using DnaSP 4.10 (Rozas et al. 2003 ). Tajima's D (Tajima 1989 ) and Fu's Fs (Fu 1997 ) neutrality tests were also conducted with this program. The genetic variation within and among populations was calculated by the AMOVA framework (Excoffier et al. 1992) as implemented in ARLEQUIN 3.0 (Excoffier et al. 2005) , with statistical significance derived by a non-parametric permutation procedure with 1000 repetitions. Estimates of average haplotype diversity within populations (h S ), total haplotype diversity (h T ), two measures of population differentiation G ST and N ST , and the test Ustatistic were calculated using the program HAPLONST, which is available at http://www.pierroton.inra.fr/genetics/ labo/Software/, accessed 8 July 2011. G ST makes use only of the allelic frequencies while N ST also takes into account the overall similarities between the haplotypes. In a U-statistic test that compares the values of N ST and G ST , a value of N ST that is significantly higher than the value of G ST usually indicates the presence of phylogeographical structure, i.e. that on average closely related haplotypes are more often found together within the same populations than more distantly related ones (Pons and Petit 1996) . The respective topology networks based on the combined chloroplast haplotypes and nuclear alleles data were constructed with TCS 1.21 (Clement et al. 2000) , a program that calculates with 95% most parsimonious connection limit (Templeton et al. 1992) .
The pairwise Nei's (1978) population genetic distances were calculated on the basis of gene frequency differences between populations and were then compared with pairwise geographical distances or altitudinal differences between populations. All four Mantel tests for both cpDNA and nuclear data were conducted based on pairwise geographical or latitude distances and genetic distances with 9999 permutations using GENALEX software (Peakall and Smouse 2006) .
Results
Sequence characteristics and haplotype distributions
The maximum length of aligned sequences of rpL16 intron was 872 bp with eight polymorphic sites, including seven nucleotide substitutions and one 12-bp indel, among the 114 individuals of 22 P. tunicoides populations. For the trnQ-5 0 rps16 spacer, the lengths of obtained sequences differed from 761 to 805 bp due to indel events at nine sites. Two indels were single nucleotide; the other seven ranged from 5 to 27 bp in length. There were five single nucleotide substitutions. A total of nine haplotypes (a-i) were identified when rpL16 and trnQ-5 0 rps16 sequences were combined (Table 2) . A network of the combined chloroplast haplotypes showed the relationships among the haplotypes (Fig. 2a) . Haplotype frequencies in each population are shown in Table 3 with geographical distributions overlaid on Fig. 1 . As shown in Fig. 1 , the cpDNA haplotypes in P. tunicoides were not geographically randomly distributed. The most frequent haplotype was haplotype a (observed 75 times; 65.8%), which occurred in 19 populations except for FM, GJ, and JL populations. Haplotype b was only found in the northern distribution range, and haplotype g was distributed in the centre of its distribution range while haplotype i (observed 10 times; 8.8%) was only detected in the FM and GJ populations in the southern distribution range and it differed from other haplotypes by more than 14 mutational steps (Fig. 2a) . The remaining haplotypes were all private found in only one population.
For the nuclear locus GPA1, a total of 228 sequences was obtained and/or inferred from the 114 individuals, representing two alleles per individual. The maximum length of aligned sequences was 1237 bp and there were 25 polymorphic sites (Table 4) . Twenty polymorphic sites were base substitutions and five were single nucleotide indels, which lead to a small degree of length polymorphism compared with the two chloroplast loci. A total of 17 alleles (1-17) were identified. The allele frequencies in each population and their geographical distribution are shown in Table 3 and Fig. 1 . Similar to chloroplast data, the alleles are not evenly distributed. The most common allele (allele 1) was found in 16 of the 22 sampled populations in 52.6% of the individuals. The allele 17 was observed 18 times (7.9%) and is only one mutational step (polyA/T) away from the allele 1. A network of nuclear alleles is shown in Fig. 2b .
Neutrality test
The results of the neutrality tests were shown in Table 5 . Population expansion results in star-like haplotype networks with a significantly biased frequency spectrum of polymorphisms, which can be detected by negative values of the Tajima's D-statistic (Tajima 1989) . For both chloroplast and nuclear loci, the values of Tajima's D were not significantly negative (chloroplast, D = -0.81641, P > 0.1; nuclear, D = -1.62504, P > 0.05), suggesting that the populations were sufficiently old for the frequency spectrum to have recovered after founder events and population growth. As mentioned by Fu (1997) , the Fs-statistic is sensitive to population expansion and for nuclear locus, was significantly negative (Fs = -7.134, P = 0.001).
Genetic diversity and genetic structure
The AMOVA results from chloroplast data indicated that 87.25% of the genetic variation was among populations and only 12.75% within populations. Nuclear data similarly suggested that the variation among populations contributed 65.1% of the total genetic variation, while the remaining 34.9% came from within populations. The total F ST values are relatively high and significant (chloroplast, 0.8725, P < 0.00001; nuclear, 0.6510, P < 0.00001), which indicates that there is significant genetic differentiation among the analysed populations.
Haplotype diversity throughout the range of the species was high (cpDNA, h T = 0.575; nDNA, h T = 0.724), while haplotype diversity within populations was relatively low (cpDNA, h S = 0.227; nDNA, h S = 0.333), which resulted in high genetic differentiation (cpDNA, G ST = 0.604; nDNA, G ST = 0.540) (Table 6) , consistent with results from the above AMOVA 
analysis. The U-statistic test for phylogeographic structure showed that N ST was significantly higher than G ST (N ST > G ST ; chloroplast, U = 2.60, P < 0.01; nuclear, U = 4.28, P < 0.01). This indicated that the haplotype distributions were highly structured and that closely related haplotypes were more often found within a population rather than between populations. Both chloroplast and nuclear data consistently indicated that there were low levels of gene flow among populations thus producing significant phylogeographic structure within P. tunicoides.
The relationship between genetic and geographical distances
Mantel tests between Nei's pairwise genetic distances (Nei 1978) and the two-dimensional geographical distances (based on longitudinal and latitudinal coordinates), found a significant positive correlation among the sampled populations based on chloroplast data (r = 0.31, P < 0.05). However, while the nuclear data also showed a positive relationship, the correlation was statistically insignificant (r = 0.13, P = 0.145). No significant correlation was found between altitudinal differences and population genetic distances (chloroplast, r = 0.03, P = 0.439; nuclear, r = 0.04, P = 0.450).
Discussion
Genetic diversity and differentiation
Based on the two cpDNA and one nuclear locus, our investigation of 22 natural populations of P. tunicoides revealed a high level of haplotype diversity at the species level. The cpDNA haplotype diversity (h T = 0.575) is comparable to or lower than those of several other species that occur in the Qinghai-Tibet Plateau and its adjacent areas, such as Metagentiana striata (0.558, Chen et al. 2008) , Aconitum gymnandrum (0.739, Wang et al. 2009 ), Dipentodon sinicus (0.902, Yuan et al. 2008) and Primula secundiflora (0.996, Wang et al. 2008 ). For nuclear allele diversity, there are no similar reports available for comparison and our study is the first to use single-copy nuclear sequences to address the genetic diversity of endemic plant species in this biodiversity hotspot. When compared with studies of other species from other geographic regions based on single-copy nDNA sequences, such as Zizania latifolia (0.660, Xu et al. 2008 ) from China, Solanum pimpinellifolium (0.841, Caicedo and Schaal 2004) from Peru, and Castanopsis carlesii (0.689-0.885, using three single-copy genes, Ikeda et al. 2008 ) from Japan, P. tunicoides has a similar haplotype diversity (0.724).
Results from nuclear and chloroplast markers revealed similar patterns of genetic diversity in P. tunicoidessignificant differentiation among populations but low diversity within populations (cpDNA, G ST = 0.604; nDNA, G ST = 0.540). This result is also consistent with previous studies based on amplified fragment length polymorphisms (AFLP, G ST = 0.624, Dai et al. 2007 ) and the direct amplification of length polymorphism (DALP, G ST = 0.7899, Qu et al. 2010 ) of this species. In general, maternally inherited cpDNA markers display higher G ST values (mean 0.63) than biparentally inherited nDNA markers (mean 0.18) in angiosperm species (Petit et al. 2005) . In this study, the G ST value revealed by cpDNA data is slightly higher than that of nDNA, suggesting that pollen flow is almost as restricted within population as that of seed flow. The restricted gene flow contributes to the congruence of cpDNA and nDNA on the genetic structure and history events (to be discussed further in the following section).
The high level among-population differentiation within P. tunicoides is likely related to the breeding system, pollen and seed dispersal mechanisms, and genetic drift or geographic isolation of populations. First, according to recent crossing experiments (Professor Z. G. Qian, pers. comm.), P. tunicoides has a mixed mating system (outcrossing and autogamy). In our present study, of the total 114 samples, only eight individuals (~7% of the samples) were heterozygotes at the GPA1 locus, suggesting that selfing is likely very important in the reproduction of P. tunicoides in wild populations. Second, the pollen of P. tunicoides is dispersed by insects and the seeds are dispersed mainly by gravity within the vicinity of the mother plants. These mechanisms of shortdistance dispersal can lead to low gene flow among populations. Third, its high among-population differentiation is consistent 1  1  1  1  2  3  3  3  4  4  4  4  4  4  5  7  8  8  8  9  0  0  0  2  3  3  4  5  9  0  4  9  9  2  4  6  7  7  7  9  6  6  8  8  9  2  4  5  2  8  1  4  3  5  3  4  4  7  5  4  6  2  3  4  7  8  8  2  3  0  7  7  7 1 with the 'patchiness' or 'island' distribution pattern of P. tunicoides. Throughout the range of P. tunicoides, most of the populations are spatially isolated from each other by uninhabitable areas, which may be related to the complicated topography and strong environmental heterogeneity of this hotspot region.
Historical processes
Earlier studies based on random amplified polymorphic DNA by Yan et al. (2003) , AFLP by Dai et al. (2007) , and DALP by Qu et al. (2010) (Fig. 2 ) all suggest population expansion from an ancestral population with a small effective population size (Avise 2000 (Avise , 2004 Novaes et al. 2010) . It is believed that P. tunicoides is a relict of the Tethyan Tertiary Flora (Wu et al. 2003) , that underwent repeated episodes of contraction and expansion of their geographic ranges following changes in temperature associated with glaciations during the Quaternary (Hewitt 2004) . This hypothesis could also explain the population structure observed here that included range expansion from refugia following glaciation. The haplotype networks from cpDNA and nDNA data showed the central position for the most common haplotypes (a and 1, respectively), existing in almost all populations. According to coalescent theory, these haplotypes would have a great probability of producing mutational derivatives and may represent ancestral haplotypes (Crandall and Templeton 1993) . In the cpDNA haplotype network, haplotype g derived from haplotype a, had a high frequency distribution in northwestern Yunnan and south-western Sichuan, where populations HQ and ML had the highest haplotype diversities. This might imply that these areas are potential glacial refugia for P. tunicoides. A recent study of a rare woody plant, Nouelia insignis, in this region also demonstrated that the Jinsha River drainage area (northern Yunnan and southern Sichuan) might be a refugium (Gong et al. 2011) . Genetic analyses revealed a significant phylogeographic structure in P. tunicoides. Both cpDNA and nDNA dataset detected a phylogeographic signal with the U-statistic test (N ST > G ST , P < 0.01), indicating that haplotype distributions were highly structured and that closely related haplotypes were commonly found within the same populations. A clear geographical pattern of genetic variation was also evident from the haplotype frequency distribution map (Fig. 1) . For example, cpDNA haplotype b was found only in the north, haplotype g only in the centre, and haplotype i only in the south. In the cpDNA dataset the significant positive correlation between genetic and geographical distances (P < 0.05) further supports the 'isolation-by-distance' pattern and limited genetic exchange between populations. This is consistent with the current isolated and fragmented distribution of P. tunicoides. Heterogeneous and isolated ecological environments were formed in this hotspot region due to the uplifting of the Qinghai-Tibet Plateau (Wu et al. 2003) . High mountains and deep valleys formed during this time has created a fragmented ecological niche for P. tunicoides, presenting considerable barriers to gene flow, and thus may dramatically influence the population differentiation. Moreover, human activities and 500 years of medical usage history have likely contributed to the decline of populations of P. tunicoides and promoted further fragmentation.
Chloroplast DNA and nDNA data used in this study demonstrated congruent population differentiation, range expansion events and geographic structure of P. tunicoides. The usefulness of GPA1 suggests that single-copy nDNA data can be efficient markers in phylogeographic studies, and this is consistent with the result from other studies (e.g. Ikeda et al. 2008 ; on Cardamine nipponica; Xu et al. 2008 ; on Zizania latifolia). Nevertheless, geographic structure revealed by GPA1 in this study was not completely consistent with that revealed by cpDNA. In the WN population, GPA1 revealed very high variations compared with those of cpDNA. This is not an unexpected result as cpDNA has a different evolutionary mechanism (maternal inheritance) compared with the nuclear gene. High GPA1 variations in WN population probably ascribe to the stochastic variance caused by mutation and recombination, as coding regions of the gene are often under quite strong selective pressures (Hey and Machado 2003) .
Implications for conservation
The information of genetic diversity and population structure is important for designing conservation strategies for threatened and endangered species (Frankel et al. 1995; Avise and Hamrick 1996) . Strong genetic differentiations and low gene flow among populations revealed by our study indicate that protecting one or two populations will not capture the majority of the genetic diversity. The strong evidence for isolation-by-distance and its current isolated and fragmented distribution pattern also suggest that in situ conservation should be put into practice broadly as a long-term strategy. Such a strategy will preserve not only the genetic diversity of P. tunicoides, but also its habitat diversity. In addition, a transplanting trial conducted in a greenhouse in Kunming city found phenological delay with individuals from the southern populations flowering much earlier than those from the northern populations, suggesting that it is better to protect as many populations as possible in the north and south. However, considering the current distribution pattern of the P. tunicoides and the reserves in this region, it is very difficult to protect all populations. North-western Yunnan and south-western Sichuan (the modern distribution centre) should be the primary areas to be protected. In particular, the areas containing unique haplotypes (e.g. AN, JL and GJ for cpDNA haplotype; WN, ML and HZ for nDNA haplotype), should be given special attention. Further, the persistence of small populations such as AN, WN and GJ (heavily threatened by excavating and loss of habitat) might be facilitated by transferring (or seeds collecting) to nearby reserves.
